ABSTRACT Designing a transmissive and reflective phase gradient metasurface (PGM) using Pancharatnam-Berry (PB) geometrical phase must be based on an appropriate metasurface, which can realize circular-polarization (CP)-conversion transmission and CP-maintaining reflection, respectively. When an appropriate metasurface is proposed, a PGM can be easily constructed by gradually rotating the anisotropic or chiral resonators in different unit cells. In this paper, to design an ultra-wideband reflective PGM, first, an ultra-wideband CP-maintaining metasurface is proposed, and the numerical simulation results show that the proposed metasurface can realize CP-maintaining reflection at CP incidence between 8.43 and 26.93 GHz; in addition, a PB phase will be generated in its co-polarized reflection coefficient by rotating the anisotropic resonators in its unit cells. Thus, based on the metasurface, an ultra-wideband PGM is constructed successfully, the simulated and experimental results show that the PGM can realize ultrawideband anomalous reflection at arbitrarily polarized incidence, and almost all the reflected waves at righthanded and left-handed CP (RHCP and LHCP) incidences will both be deflected to an anomalous direction; in addition, the reflected waves at linear and elliptical polarized (LP and EP) incidences will be separated into two beams for the LP and EP waves that can both be decomposed into a pair of RHCP and LHCP waves. Furthermore, finally, a detailed theoretical analysis is presented for the CP-maintaining reflection of the proposed metasurface.
I. INTRODUCTION
Metasurfaces are two dimensional metamaterials with subwavelength thickness, which usually consist of a planar array of resonant unit cells mounted on a dielectric substrate. Through reasonable design of these resonant unit cells, all the basic properties of electromagnetic (EM) waves can be tailored by using various metasurfaces. In particular, when the resonators in different units have a regular variation, a phase gradient metasurface (PGM) will be constructed, which can be used to control the wave-front shape and introduce an additional parallel wave vector to redirect the reflected or refracted wave to a desired direction. Thus many extraordinary phenomena can be realized by various PGMs, such as anomalous reflection/refraction [1] - [11] , negative refraction [1] , [12] , [13] , surface wave conversion [14] , [15] , beam focusing [16] - [22] , and vortex beam generation [23] - [30] .
Attributed to the multi-functionalities of these PGMs, they have attracted considerable attention in recent years, and various kinds of PGMs have been proposed [1] - [30] . The key to designing a PGM is how to make a metasurface structure generate a phase gradient under an EM wave incidence. To generate a desired phase gradient in a metasurface structure, the following two methods are usually used: one is gradually changing the size and shape of the resonators in different unit cells to introduce an appropriate resonant phase difference between adjacent unit cells, the other one is gradually rotating the anisotropic or chiral resonators in different unit cells to introduce an appropriate geometrical phase difference between adjacent unit cells. In the first method, gradually changing the size and shape of the resonators in different unit cells can make the resonant frequency of each resonator different, thus let the array of resonators have space-variant phase response and generate a phase gradient under an EM wave incidence. This method is a common one, which can be used to design various PGMs, even about polarization-independent PGMs. The second method is to use a so-called Pancharatnam-Berry (PB) geometrical VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 3.0 License. For more information, see http://creativecommons.org/licenses/by/3.0/ phase [31] , [32] , which can be generated in cross-polarized transmission or co-polarized reflection coefficient at circularpolarized (CP) incidence by rotating the anisotropic or chiral resonator in the unit cell of a metasurface, thus based on an appropriate metasurface, which can realize CP-conversion transmission [33] , [34] or CP-maintaining reflection [35] and make its cross-polarized transmission or co-polarized reflection coefficient approximate to 1.0 at CP incidence, a PGM can be designed by gradually rotating the anisotropic or chiral resonators in different unit cells. Now this method has been widely used to design various PGMs, a lot of PGMs have been proposed based on various appropriate metasurfaces. In particular, based on an ultra-wideband CP-conversion or CP-maintaining metasurface, the designed PGM can work within an ultra-wide band for the PB geometrical phase can theoretically be generated at any frequency and the working band of the designed PGM can keep the same with the original metasurface.
In this work, we propose an ultra-wideband CP-maintaining metasurface at first, which is an orthogonal anisotropic structure with a pair of symmetric axes u and v along ±45 • directions with respect to y-axis direction. The simulated results show that the metasurface can realize CP-maintaining reflection and keep the handedness of the reflected wave the same as that of the incident wave in the ultra-wideband frequency range from 8.43 GHz to 26.93 GHz, thus we have designed an ultra-wideband reflective PGM based on the proposed metasurface, the simulated and experimental results show that the PGM can realize ultra-wideband anomalous reflection at arbitrary polarized incidence, moreover, its working band can be kept the same as that of the original CP-maintaining metasurface ).
II. DESIGN AND SIMULATION
Designing a reflective PGM using PB phase must be based on a CP-maintaining metasurface. When the anisotropic or chiral resonators in the unit cells of a CP-maintaining metasurface are all rotated by an angle ϕ in a clockwise direction, the total reflected wave of the metasurface at right-handed and lefthanded CP (RHCP and LHCP) incidences can be expressed as [36] :
and
respectively, wherein r −+ , r ++ , r +− and r −− are the crossand co-polarized reflection coefficients of the initial metasurface at RHCP(+) and LHCP(-) incidences, it is shown that the phase of the total reflected wave at RHCP and LHCP incidences will be altered by +2ϕ and −2ϕ respectively when the magnitudes of r ++ and r −− are close to 1.0 and those of r −+ and r +− are close to 0.0. Equation (1) indicates that the key to designing a reflective PGM using PB phase is to design an appropriate CP-maintaining metasurface. When a CP-maintaining metasurface with appropriate unit structure is proposed, a PGM can be easily constructed by gradually rotating the anisotropic or chiral resonators in the different unit cells of the metasurface. In this work, we proposed an ultra-wideband CP-maintaining metasurface at first, which is comprised of a two-dimensional square array of anisotropic resonators mounted on a grounded dielectric substrate. One unit cell of the metasurface is shown in Fig. 1 , it is shown that the anisotropic resonator in the unit cell is a circular structure, which is most suitable for rotation, in addition, it is an orthogonal anisotropic structure with a pair of symmetric axis u and v, which are perpendicular to each other, we define the rotation angle ϕ of the anisotropic resonator as the angle between the positive u-axis and positive x-axis, now the rotation angle ϕ is set to 45 • . After appropriate selection, the geometrical parameters of the unit structure, which are shown in Fig. 1 , are chosen as follows: P = 6.00 mm, r = 2.60 mm, l = 1.00 mm, w = 0.20 mm, g = 1.50 mm and h = 3.00mm; in addition, the metallic layer, together with the grounded plane, is modeled as a 0.017mm copper film with an electric conductivity σ = 5.8 × 10 7 S/m, and the dielectric substrate is selected as PTFE one with a relative permittivity of 1.8.
To numerically investigate the CP-maintaining reflection performance of the anisotropic metasurface, we have carried out numerical simulations to analyze its reflection behavior at CP incidence using Ansoft HFSS. When the input is successively set as a RHCP and LHCP waves, the simulated results, the cross-and co-polarized reflection coefficients, are shown in Figs. 2(a) , in addition, the polarization maintaining ratios (PMRs), which are calculated by the equations PMR = |r ++ | 2 /(|r ++ | 2 + |r −+ | 2 ) and PMR = |r −− | 2 /(|r +− | 2 + |r −− | 2 ) respectively, are shown in Fig. 2(b) . In Fig. 2(a) , it is indicated that the magnitudes of the cross-and co-polarized reflection coefficients at RHCP and LHCP incidences are almost completely the same, the magnitudes of r ++ and r −− are close to 0dB and the magnitudes of r −+ and r +− are much less than −10dB in the ultra-wideband frequency range from 8.43 GHz to 26.93 GHz; in addition, Fig.2 (b) shows that the PMRs at RHCP and LHCP incidences are both much higher than 90% in this frequency range, which means that an ultra-wideband CP-maintaining reflection is realized by the metasurface in this band, its relative bandwidth is up to 104.6%.
In addition, in order to prove that PB phase will be generated in the co-polarized reflection coefficients r ++ and r −− by rotating the anisotropic resonators in the unit cells of the proposed metasurface, we have simulated the metasurface many times at RHCP and LHCP incidences when the rotation angle ϕ of the anisotropic resonator in its unit cell was gradually increased by 30 • . The simulated results, shown in Fig. 3 (a) and (b), indicate that the phase of r ++ gradually increases but the phase of r −− gradually decreases along with the increase of the rotation angle ϕ at the all frequencies, and they are both altered by almost 60 • at each time, which implies that almost 2 ϕ = 60 • PB phase is generated at all frequencies when the rotation angle ϕ is increased by ϕ = 30 • , and the PB phases generated at RHCP and LHCP incidences are +2 ϕ and −2 ϕ, respectively. In addition, Fig. 3 (c) and (d) show that the phases of r −+ and r +− always remain the same at all frequencies, it is indicated that no PB phase is generated in r −+ and r +− and the phase of r −+ and r +− can't be changed by rotating the anisotropic resonators.
According to the simulated results shown in Fig. 2 and 3, we proposed a PGM based on the proposed metasurface in succession. The super unit of the PGM is shown in Fig. 4 , which consists of six sub-unit cells, the rotation angles ϕ of the anisotropic resonators in the six sub-unit cells gradually increase from left to right, and the angle difference ϕ in the adjacent units is just 30 • . According to the simulation results VOLUME 7, 2019 in Fig. 3 , we can know that r ++ and r −− in the super unit can realize a discrete phase-change from left to right at all frequencies, the phase-change step will be close to α = ±2 ϕ = ±60 • along each sub-unit cell, and ±360 • phasechange will be realized in total super unit, this means that a constant phase gradient will be generated in r ++ and r −− at RHCP and LHCP incidences, which can be expressed as:
respectively, wherein L = 6P = 36.0 mm is the period of super unit. Now it is indicated that the two phase gradients generated in r ++ and r −− have the same amplitudes but are in opposite directions. Due to the generated phase gradient ∇α, the co-polarized reflected waves at RHCP and LHCP incidences will possess an additional parallel wave vector component k t = ∇α along the surface of the PGM, thus the co-polarized reflected waves will be deflected to an anomalous direction. According to the generalized Snell's law, the reflected angle of the co-polarized reflected waves can be calculated using the following equation:
wherein k 0 is the wave-vector in free space and θ i is the incident angle. In combination with Equation (2) and k 0 = 2π/λ, at normal incidence, Equation (3) can be simplified as:
wherein '+' corresponds to RHCP incidence and '−' corresponds to LHCP incidence, it is indicated that the reflected angles of the co-polarized reflected wave at normal RHCP and LHCP incidences are equal in size but opposite in direction. In addition, about the cross-polarized reflected waves at RHCP and LHCP incidences, Fig. 3 shows that the phases of r −+ and r +− can't be changed by rotating the anisotropic resonator in the unit cell of the metasurface, so the phases of r −+ and r +− will keep the same at all sub-unit cells of the PGM, and the cross-polarized reflected wave will not be deflected to an anomalous direction, their reflection angles will remain equal to the incident angle, which means that the total reflected waves at RHCP and LHCP incidences will both be separated into two beams with different reflection angle. The simulated results shown in Fig. 2 indicate that the PMRs at RHCP and LHCP incidences are both much higher than 90% between 8.43 GHz to 26.93 GHz, which implies that the incident wave basically has all been converted to the co-polarized reflected wave, thus we can ignore the cross-polarized reflected beam, and consider that only the deflected co-polarized reflected beam exists at RHCP and LHCP incidences in 8. 43-26.93 GHz. However, in other frequency bands, there are still the phase gradient ∇α generated in r ++ and r −− , but the deflected co-polarized reflected beam will be very small, thus it can be ignored, which just shows that the working band of the designed PGM can keep the same as that of the original CP-maintaining metasurface. Furthermore, when the PGM is illuminated by a linear and elliptical polarized (LP and EP) waves, we can consider that it is illuminated by a pair of RHCP and LHCP waves simultaneously because arbitrary LP and EP waves can both be decomposed into a pair of RHCP and LHCP waves. In this way, we know that the reflected waves at LP and EP incidences will both be separated into two beams, which are just the two co-polarized reflected beams excited by the pair of RHCP and LHCP incident waves. At normal LP and EP incidences, the reflected angles of the two reflected beams will be equal in size but opposite in direction; moreover, at LP incidence, the two reflected beams will have the same amplitudes due to the decomposition of LP waves into LHCP and RHCP waves with equal amplitudes; however, the two reflected beams excited by EP incident wave will have different amplitudes.
In succession, we verified the above theoretical predictions by a series of numerical simulations. In these simulations, we assume that a finite size PGM (6 mm * 252 mm), which consists of seven super units in the same row, is irradiated by different polarized incident waves successively, the simulation structure is surrounded by a pair of periodic boundaries on the front and back sides and multiple radiation boundaries on the other sides. As the simulated results, the E-field distribution of the total reflected wave on a longitudinal section of the simulation structure is monitored to observe the anomalous reflection. Firstly, the incident wave is assumed as a normal RHCP one, the simulated results, shown in Fig. 5 
, it is verified that an effective PGM has been successfully designed based on the proposed metasurface. Secondly, we assume that the PGM is irradiated by a normal LP wave, the simulated results are shown in Fig. 5(f) and (g), it is indicated that the reflected wave at the LP incidence has all been separated into two beams at the frequencies 9.0 and 15.0 GHz, moreover, the amplitudes of the two beams are almost the same. Finally, the incident wave is assumed as a right-handed EP (RHEP) wave, whose polarization ratio is 3.0 and the polarization angle is 90 • , thus it can be decomposed into a pair of RHCP and LHCP waves with an amplitude ratio 2:1. The simulated results in Fig. 5(h) indicate that its reflected wave has also been separated into two beams at 25 .0 GHz (e); E-electric field distributions at normal LP incidence at 9.0 GHz (f) and 15.0 GHz (g); E-electric field distribution at normal RHEP incidence at 9.0 GHz (h). the frequencies 9.0 GHz, in addition, the amplitude ratio of the two beams is almost equal to 2:1. According to all the simulated results in Fig. 5 , we can announce that the PGM can realize wideband anomalous reflection at arbitrary polarized incidence, which agree well with the theoretical predictions.
III. THEORY ANALYSIS
The key to designing a PGM using PB phase is to design an appropriate metasurface, how to design a CP-maintaining metasurface? Why the proposed metasurface shown in Fig.1 can realize CP-maintaining reflection, we present a detailed analysis for it. The proposed metasurface is an orthogonal anisotropic structure with a pair of symmetric axes u and v, which are perpendicular to each other. At u-and v-polarized incidences, no cross-polarized reflected components will exist due to the symmetry, therefore, in the U-V coordinate system, the reflection matrix R lin for LP incidence can be expressed as:
wherein the co-polarized reflection coefficients r uu and r vv are mutually independent due to the anisotropy, but the magnitudes of r uu and r vv are both very close to 1.0 because of the little dielectric loss. So if we neglect the dielectric loss, one equation can be established as follow:
wherein ψ denotes the phase difference between r uu and r vv .
For a CP wave consists of two perpendicular LP components with equal amplitude and ±90 • phase difference, the reflection matrix R cir for CP incidence can be derived from R lin in Equation (5). In Fig. 1 , it is shown that the incident wave is in -Z axis direction, and the reflected wave is +Z axis, so the incident RHCP unit wave, together with the reflected LHCP unit wave, can be expressed asê =ê u + iê v , and the reflected RHCP and incident LHCP unit wave can both be expressed asê =ê u − iê v . When the incident wave is supposed as a RHCP unit wave E i =ê x + iê y , according to Equation (5), the total reflected wave can be obtained and expressed as: (7) which means that the co-and cross-polarized reflection coefficients at RHCP incidence can be expressed as:
In addition, a similar deduction is performed at LHCP incidence, the total reflection matrix R cir for CP wave is obtained as follow: 
Thus the magnitudes of r ++ , r −− , and r −+ , r +− can be expressed by using the following equation:
According to Equation (10), we can know that the orthogonal anisotropy of the metasurface structure, which results in the two independent reflection coefficients r uu and r vv , is the root cause of the CP-maintaining reflection, and the polarization state of the reflected wave can be completely determined by the phase difference ψ between r uu and r vv . If the anisotropy of the metasurface structure is appropriate, multiple different eigenmodes will be excited by v-and upolarized incidences, thus a large phase differences | ψ| will be introduced in a wide frequency range. When | ψ| is close to the maximum value 180 • in a wide frequency band, the CP-maintaining reflection can be realized in the wide band. Why the CP-maintaining reflection can be realized when | ψ| is close to 180 • ? In fact, if | ψ| = 180 • , then r vv = r uu e −j ψ = −r uu , thus when the incident wave is assumed as a RHCP unit wave E i =ê u + iê v , the reflected wave can be obtained as follow: (11) which indicates the perfect CP-maintaining reflection is realized when | ψ| = 180 • because E r =ê u − iê v is just the expression formula of the reflected RHCP unit wave and the magnitude of r uu is equal to 1.0 when the dielectric loss is neglected.
To illustrate the mechanization of the ultra-wideband CP-maintaining reflection in the proposed metasurface using Equation (10), we have carried out numerical simulations at u-and v-polarized incidences, respectively. The simulated results in Fig. 6(a) indicate that the phase difference ψ between r uu and r vv is close to 180 • in the ultra-wideband frequency range from 8.5 GHz to 26.9 GHz. In addition, Fig. 6(b) shows the magnitudes of r uu and r vv are both close to 1.0 at all frequencies, however, through detailed observation, it is found that the data curves of r uu and r vv have two minimum values at the frequencies 11.94 GHz, 27.92 GHz and 8.42 GHz, 20.26 GHz, respectively, which indicates that two pairs of different eigenmodes are excited in turn at the four different eigen-frequencies by u-and v-polarized incidences respectively, it is implied that it is just the two pairs of eigenmodes causing a large phase differences ψ between r uu and r vv in the ultra-wideband frequency range. Finally, we have calculated the magnitudes of r −+ and r +− using Equation (10b) according to the phase differences ψ in Fig. 6(a) , the calculated results are shown in Fig. 6(c) , it is indicated that the calculated results are in good agreement with the simulated results in Fig. 2(a) .
According to the above analyses, we can conclude that the orthogonal anisotropy of the metasurface structure is the root cause of the CP-maintaining reflection, all orthogonal anisotropic metasurfaces can realize CP-maintaining reflection when the phase difference ψ between r uu and r vv is close to ±180 • . In fact, in literature [37] , it has been illustrated that an orthogonal anisotropic metasurfaces can also realize perfect linear-polarization-conversion when the phase difference ψ is close to ±180 • . If the metasurface structure is in a X-Y coordinate system and the rotation angle ϕ is equal to 45 • , as shown in Fig. 1(a) , the magnitudes of the reflection coefficients at x-and y-polarized incidences can also be expressed as:
According to Formula (10) and (12), we can know that this kind of orthogonal anisotropic metasurfaces can realize not only linear-polarization-conversion at LP incidence but also CP-maintaining reflection at CP incidence, moreover, |r ++ | = |r −− | = r xy = r yx and |r −+ | = |r +− | = r yy = |r xx |. In recent years, a number of ultra-wideband reflective orthogonal anisotropic linear-polarization-conversion metasurfaces have been proposed in some literatures [37] - [45] , however, in these literatures, only the linear-polarizationconversion performance has been concerned. Now we announce that these linear-polarization-conversion metasurfaces can all realize CP-maintaining reflection at CP incidences at the same time, moreover, they can be used to the design of PGM if the anisotropic resonator in the unit cell is suitable for rotating.
IV. EXPERIMENTAL RESULTS
Finally, in order to realize an experimental validation for our design, a laboratory sample was fabricated using standard print circuit board (PCB) technique, which consists of 45×45 unit cells with an area of 270mm×270mm as shown in Fig. 7(a) . Firstly, we have measured its co-polarized scattering pattern at CP incidence by the method of measuring antenna pattern, the schematic illustration of our measurement setup is shown in Fig. 7(b) , in which the laboratory sample is erected with these super units in horizontal direction, and two pairs of identical RHCP horn antennas are used, the transmitting antenna is fixed to emit a normal RHCP incident wave onto the laboratory sample, but the receiving antenna rotates around the laboratory sample in a horizontal plane to measure the co-polarized scattering pattern and find the maximum reflection direction at different frequencies. By using the two pairs of RHCP horn antennas with a continuous frequency doubling in working band (8-18GHz, 18-40GHz), the co-polarized scattering pattern was measured at the five frequencies 9.0, 12.0, 15.0, 20.0 and 25.0 GHz. The measured results are shown in Fig. 7(c • direction, and a strong forward scattering exists at each frequency, this is mainly because the size of the laboratory sample is very limited, although the transmitting antenna is not far from the laboratory sample, there is still a part of incident wave that has not been reflected by it; in addition, a back scattering also exists at each frequency, which is just the cross-polarized reflected wave for the reflection angle of the cross-polarized reflected wave remains equal to the incident angle; furthermore, the size of the laboratory sample is limited, which can be equivalent to a finite antenna array, thus many big side lobes can be seen at each case. Finally, the total reflectivity R total of the laboratory sample at normal VOLUME 7, 2019
LP wave incidence was measured in the ultra-wideband frequency range from 7.5 GHz to 28.0 GHz. In the measurement, the used measurement setup was basically the same as the one shown in Fig. 7(b) , except that the two pairs of RHCP horn antennas were replaced by a pair of LP horn antennas and the angle θ between the two antennas was fixed at 4.0 • . The co-and cross-polarized reflection coefficients were measured successively when the receiving LP horn antenna rotated by 0 • and 90 • , respectively, such the total reflectivity was obtained by the equation R total = r yy 2 + r xy 2 .
The measured results, shown in Fig. 7(d) , indicate that the total reflectivity is significantly decreased between 8.5 GHz to 26.8 GHz, which just proves that the anomalous reflection occurs simultaneously under LP incidence in the ultrawideband frequency range from 8.5 GHz to 26.8 GHz.
V. CONCLUSION
This work presents the design of an ultra-wideband reflective PGM using PB phase. In the design process, an ultrawideband CP-maintaining metasurface is proposed firstly. Numerical simulations show that the metasurface can realize CP-maintaining reflection at CP incidence in the frequency range from 8.43 GHz to 26.93 GHz; in addition, a PB phase can be generated in its co-polarized reflection coefficients r ++ and r −− at all frequencies by rotating the anisotropic resonators in its unit cells. Thus an ultra-wideband PGM is easily proposed based on the CP-maintaining metasurface, the simulation and experimental results show that the proposed PGM can deflect the reflected wave to an anomalous direction at CP incidence, and the reflected waves at LP and EP incidences can be separated into two beams; in addition, the working band of the PGM is kept the same as that of the original CP-maintaining metasurface ), its relative bandwidth reaches 104.6%, such it is of great application values in RCS reduction, stealth surfaces, etc. Finally, through a detailed theoretical analysis, the root cause of the CP-maintaining reflection in the proposed metasurface is presented, moreover, it is found that previously proposed various reflective orthogonal anisotropic linear-polarization-conversion metasurfaces can all realize CP-maintaining reflection at CP incidences at the same time, they can all be used to the design of PGM if the anisotropic resonators in their unit cells are suitable for rotating.
